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Electrons tunneling from a scanning tunneling microscope tip to individual CO molecules on
Cu(111) can cause their hopping from the surface to the tip if the bias exceeds a threshold of 2.4 V.
Polarization- and time-resolved two-photon photoemission identifies the underlying elementary process
as intermediate population of a CO 2pp-derived level, which exhibits an ultrashort lifetime of 0.8–5 fs.
From an isotope effect of 2.710.320.5 it can be calculated that ø0.05% of the tunneling current transiently
occupies this level while a desorption of the excited molecule occurs only in 5 3 1029 of the cases.
[S0031-9007(98)05403-9]
PACS numbers: 82.65.Pa, 61.16.ChThe ultimate goal in surface dynamics is to obtain a fun-
damental understanding and to control elementary surface
processes on a microscopic level. This requires both spa-
tial and temporal resolution of such dynamical changes
on an atomic scale. With the invention of the scanning
tunneling microscope (STM) by Binnig and Rohrer [1] it
has now become possible not only to observe but also to
manipulate single atoms and molecules on surfaces [2,3].
Furthermore, tunneling spectroscopy (TS) allows one to
obtain spectroscopic information with a spatial resolution
on the atomic length scale [4]. Ultrafast laser techniques,
on the other hand, provide direct insights into the dynamics
of chemical reactions and energy transfer processes [5]. In
particular, two-photon photoemission (2PPE) spectroscopy
has become an important tool to probe the symmetry, en-
ergetics, and lifetimes of electronically excited states of
atoms and molecules on metal surfaces on the femtosecond
time scale [6,7]. In this Letter we demonstrate by combin-
ing these two powerful techniques, that STM and 2PPE are
complementary in providing considerable insights into the
excited state dynamics and the mechanism of stimulated
desorption of single molecules on surfaces.
Recently, we presented a technique of transferring a CO
molecule between the apex of a STM tip and a Cu(111)
substrate (involving biases of up to 3 V) and vice versa
[8]. To our knowledge, this is the first system where re-
versible vertical transfer of a chemisorbed small mole-
cule has been observed. Vertical manipulation of Xe
atoms by vibrational heating [9] or electron scattering has
been achieved by Eigler et al. [10]. For the STM-induced
desorption of hydrogen from Si:H two different excita-
tion modes have been distinguished [11,12]: vibrational
multiexcitation by high tunneling currents and electronic
excitation by field emitted electrons from the STM tip.
Desorption of CO from Cu(111) by ultrashort laser pulses
of high energy has been reported by Prybyla et al. [13].
Their experiment involved heating of the substrate elec-
tronic temperature to several thousand K resulting in a de-0031-9007y98y80(9)y2004(4)$15.00sorption process induced by multiple electronic transitions
[14] with a quantum yield of ø1023. Recently, Stipe et al.
[15] presented impressive STM data on the dissociation of
O2 by vibrational (multi)excitation of the intramolecular
bond by tunneling electrons of low energy. In the fol-
lowing, we will show that the reversible transfer of CO
molecules from the Cu(111) substrate to the STM tip is
caused by attachment of a single electron into the 2pp or-
bital of CO. Time-resolved 2PPE clearly reveals the sym-
metry and line shape of this excited CO state and yields
an upper and a lower limit for the lifetime. The excitation
process shows a strong isotope effect. Evaluating these
data within the 1D model proposed by Gadzuk [16] allows
some conclusion on the lifetime of the excited state and its
potential slope although the net quantum yield is of the or-
der of 10211. Using the standard Menzel-Gomer-Redhead
(MGR) model [17,18] these data can be used to gain an
estimation of the partial current flowing through the 2pp
state, which is of great interest for comparison with STM
currents calculated within the electron quantum scattering
technique [19].
For all STM measurements we use a self-built low
temperature STM [20] operating at 15 K [21]. Samples
are prepared by several cycles of sputtering with Ne1,
annealing to .400 –C and subsequent deposition of below
1% of a CO monolayer (ML) [22] at 15 K. Excitation
of single CO molecules is performed by positioning the
STM tip exactly above the molecule at a sample bias V
of 2 V. Subsequently, the bias is switched to a minimum
of 2.4 V; this results in a tunneling current I of a few nA.
Within a few seconds, a clear change in the simultaneously
recorded dIydV can be observed. It is caused by a hop of
the adsorbed molecule either to the tip apex or to an adsite
on the sample a few angstroms away (top part of Fig. 1)
with a .1:3 probability.
The mean time before a hop of the adsorbed CO mole-
cule is induced (“hopping time”) depends on the current
and bias used. The threshold bias to induce hops resulting© 1998 The American Physical Society
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Cu(111) taken with a bare (metallic) tip (top left sketch) at
2 V and 1.5 nA column by column starting from the left. As
the center column of the image is reached, the tip is stopped
at its center and the bias switched to 2.7 V for 3.8 s. During
this time an abrupt change of the simultaneously recorded I
and dIydV occurred, which can be interpreted as hopping of
the CO molecule away from its initial site either to the tip
apex or to another adsite nearby (top right sketch). Hence,
as the scanning is resumed, it could not be found at its initial
position on the sample (image size: 25 Å 3 25 Å). Performing
tunneling spectroscopy at the center of the CO molecule (a),
at the edge of the image (c), and in between (b)—instead of
inducing a hop—the three dIydV spectra (bottom left diagram)
can be found. The difference spectra approximately reveal the
CO-induced LDOS (bottom right diagram), which shows a rise
above ø1 V followed by a steep increase starting at .2.4 V
(dashed line).
in both lateral and vertical transfer is 2.4 V. Thus, in the
following both kinds of hops are treated as originating from
the same excitation process. In the whole bias range used
for vertical manipulation (up to 3 V) [8] the dependence
of the hopping rate on the current at a fixed bias is clearly
linear (see Fig. 2). The net quantum yield per tunneling
electron Ptot rises from zero below 2.4 V to 2.7 3 10211 at
2.7 V and 3.0 3 10211 at 3.0 V. The linear dependence
of the rate on the tunneling current clearly indicates that
a single electron process is responsible for the observed
jumps. A comparison of dIydV curves of TS acquired at
different lateral distances from an adsorbed CO molecule
clearly shows a CO-induced increase of dIydV at biases
above .1 V relative to the TS on the clean surface (Fig. 1,
bottom part). Above 2.4 V another, much steeper increase
is observed (indicated by the dashed line), which coincides
with the bias threshold to induce hops of CO molecules.
The dIydV signal is approximately proportional to the lo-
cal density of states (LDOS) of the sample [23]. Thus, the
hopping of the CO molecules has to be attributed to popu-
lation of a CO-derived part of the LDOS with electrons
from the STM tip as indicated in the bottom part of Fig. 4.FIG. 2. Mean hopping rate of “normal” 12C16O molecules at
2.7 V bias versus current. The rates were calculated from the
distribution of hopping times, which is plotted for 2.7 V bias
and 4.7 nA current in the inset. The error bars indicate the
error of the exponential fit of the hopping times.
As neither the symmetry of the CO-induced state can be
resolved by TS nor the high energy side of the state can be
probed without inducing a hop of the adsorbed molecule
[and possible interference with the Cu(111) image state]





3 phase of COyCu(111). This
phase consists entirely of CO molecules adsorbed on the
on-top sites [24]. Spectra at a photon energy of 4.1 eV
clearly show that the steep increase in the TS corresponds
to the onset of the 2pp-derived state of COyCu(111)
(left part of Fig. 3). Its center is found to be at 3.5 eV
with a FWHM of .870 meV. From time-resolved 2PPE
measurements with 45 fs pulses an upper limit of the
relaxation time of the excited state of 5 fs is obtained
FIG. 3. Left part: 2PPE spectra obtained with s-polarized
4.1 eV photons on clean Cu(111) and on sp3 3 p3 d
COyCu(111). They show a CO-induced state at 3.5 eV with
a FWHM of the onset of 0.8 eV. Because of its appear-
ance at s polarization it can be identified as the 2pp state of
COyCu(111). The dashed curves indicate a Lorenzian fit of the
onset of the 2pp state which coincides with the enhancement
of LDOS observed in the TS. Right part: Autocorrelation
trace derived from a pump probe experiment of the signal from
the 2pp state. From the measured data (dots) a maximum
lifetime of 5 fs (solid line) can be deduced. The dashed line
indicates the experimental resolution.2005
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2pp state indicates a lower limit of 0.8 fs. This extremely
short excited state lifetime agrees well with the extremely
small quantum yield of the STM-induced transfer process.
The CO-Cu stretch has a vibrational energy of 42 meV
[25] and the binding energy of CO to Cu(111) is 425 meV
[26]. The tunneling gap distance is ø7 Å [27]. Approxi-
mating the potential curve of the adsorbed CO molecule
with a Morse potential we find that there is virtually no
overlap between the adsorption potential on the substrate
and on the tip (top part of Fig. 4), even if a slightly higher
binding energy of the molecule on the tip is assumed.
Hence, the STM-induced transfer of the CO molecule be-
tween the substrate and the STM tip can be discussed
in terms of a desorption process. The electric field of
ø3 Vynm at the position of the adsorbed molecule is small
compared to the minimum field of more than 10 Vynm
needed to desorb CO molecules in field ion microscopy
experiments [28]. In a calculation of the effect of vibra-
tional (multi)excitation of the CO-Cu bond by dipole inter-
action with the field of tunneling electrons using the model
by Avouris et al. [9] an effective temperature of the bond
of ,40 K can be estimated, which is far too low to play a
major role in the desorption process.
Thus, we conclude that the hopping process is induced
by a single electronic transition of a CO molecule from
the ground state to the excited state potential V2pp via
attachment of a tunneling electron into the CO 2pp
state (Fig. 4). Desorption processes induced by electronic
FIG. 4. Top part: potential curve of the bound state of a CO
molecule between the Cu(111) substrate (left) and the STM
tip (right). A higher binding energy on the tip is assumed.
Virtually no overlap between the two potential wells occurs.
Additionally the assumed potential curve V2pp of the excited
state is shown. The desorption process according to the MGR
model is indicated with arrows. It has a yield per excitation of
Pdes ­ 5 3 1029. Bottom part: At positive sample bias Vbias
tunneling electrons from the STM tip (right) can transiently
occupy states of the sample between EF and e2Vbias. Thus, at
2.4 V bias the electrons start tunneling into the 2pp state.2006excitation have been discussed within the framework of
the MGR model [17,18]. In this model a pronounced
isotope effect is expected for a system with an ultrashort
excited state lifetime [29]. From such an isotope effect
the excitation probability per incoming electron (i.e., the
fraction of electrons which transiently occupy the 2pp
state) can be calculated without any assumption about the
value of the 2pp lifetime.
From calculations of Bocquet and Sautet [30] it is known
that the tunneling current passes only partially through
electronic states attributed to the adsorbed molecule even
if the tip is positioned in its direct vicinity. Further-
more, a whole number of electronic states of the substrate-
adsorbate system are involved in the transition of electrons
from the tip shaft to the bulk of the sample. Therefore, the
fractional tunneling current through the CO 2pp state is of
great interest. In order to determine this fraction, STM
experiments on surfaces with similar amounts of 12C16O
and 13C18O in the mML regime were performed in the fol-
lowing fashion: A pair of CO molecules was arbitrarily
chosen, resulting in a 50% chance of picking two different
isotopomers. The two molecules of the pair were alternat-
ingly excited to perform hops. To ensure inducing hops
on exactly the chosen molecules, a minimum of 2 nm dis-
tance between the probed molecule and its nearest neighbor
is kept by, if necessary, laterally translating the molecule
with the STM tip before exciting it. These measurements
inherently combine the unique ability of the STM to im-
age on the atomic scale (to find the position of a molecule
initially and after the excitation) and its application as a
manipulation tool on the same minute scale (to induce a
hop on a specified molecule and to clear a molecule from
too close neighbors). By this method of alternating excita-
tions an impact of tip changes on the measurement can be
ruled out. From the thus acquired distributions of hopping
times for different pairs of molecules a hopping time for
the lighter species could be obtained, which agrees within
20%with the hopping time observed for 12C16Omolecules.
However, the average hopping time of the heavier species
comes out to be 2.7 times longer. Thus, an isotope ef-
fect of ø2.710.320.5 can be estimated. A detailed description
of the data evaluation will be published elsewhere. Us-
ing this isotope effect acquired on lateral and vertical hops
in the 1D MGR model we find that 0.5% (0.01%–4%)
of the tunneling current is passing through the 2pp level
and the hopping rate per excitation is ø5 3 1029. Such
a minute desorption probability cannot be resolved with
most photostimulated desorption techniques without con-
siderable substrate heating.
Gadzuk [16] proposed a semiclassical approach to calcu-
late the desorption probability of a Gaussian wave packet
on a one-dimensional potential energy surface. The life-
time of the electron in the 2pp state and the slope of the
excited state potential curve enter as parameters. Using
this model the desorption probability per electronic exci-
tation Pdes in dependence on the mass of the desorbing
species can be obtained. Applying this method to 12C16O
VOLUME 80, NUMBER 9 P HY S I CA L REV I EW LE T T ER S 2 MARCH 1998FIG. 5. The gray areas show the possible range for the life-
time and the potential gradient of the 2pp state of COyCu(111),
calculated from the isotope effect within the model proposed
by Gadzuk [16]. The white line between the gray areas corre-
sponds to the isotope effect of 2.7. Lines of equal desorption
probability Pdes per electronic excitation are indicated for the
desorption probabilities Pdes calculated from the MGR model
for the isotope effect of 2.710.320.5 and for the desorption proba-
bility Ptot resulting from the total STM current flowing through
the 2pp state of CO.
and 13C18O on Cu(111) and using the observed isotope ef-
fect of 2.710.320.5 (gray area in Fig. 5) and the measured limits
of the lifetime (0.8–5 fs) of the excited state (dash-dotted
vertical lines in Fig. 5), we find that the potential slope
of the excited state at the ground state CO-Cu equilibrium
distance is confined to a small range (.1 eV per Å). Ad-
ditionally, we plotted the calculated contours of fixed de-
sorption probability per excitation at the values obtained
from the MGR model in the same diagram (dashed lines
in Fig. 5) and find impressive agreement between both
models. To our knowledge, this is the first time that in-
formation about the shape and lifetime of an excited state
potential shape of single adsorbates could be gained from
STM and 2PPE measurements. Nevertheless, it seems to
be a worthwhile aim to find a multidimensional picture of
the hopping process, which can explain the distribution of
hopping directions and eventually shed more light on the
underlying microscopic process.
In summary, we found that vertical manipulation of CO
molecules on Cu(111) by a STM tip originates from a
single electron excitation process of the CO-2pp reso-
nance, which is identified by polarization and time-
resolved 2PPE and exhibits a lifetime of #5 fs. The
hopping process has an ultralow yield and shows a strong
isotope effect of 2.710.320.5. Using these data a number of
dynamical parameters of the CO-Cu(111) system can be
deduced including the fraction of the tunneling current
passing through the 2pp state, the shape of excited state
potential surface, and the lifetime of the excited state.
Remarkably, the consistency of our results obtained within
the framework of the MGR model suggests that the Born
Oppenheimer approximation, at its heart, is an applicable
concept even in the regime of a few fs, and that tunneling
electrons can be treated in this framework.
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